Background and Aims: Extracted-overlay fusion imaging is a novel computed tomography/ magnetic resonance-ultrasonography (CT/MR-US) imaging technique in which a target tumor with a virtual ablative margin is extracted from CT/MR volume data and synchronously overlaid on US images. We investigated the applicability of the technique to intraoperative evaluation of radiofrequency ablation (RFA) for hepatocellular carcinoma (HCC). Methods: This retrospective study analyzed 85 HCCs treated with RFA using extracted-overlay fusion imaging for guidance and evaluation. To perform RFA, an electrode was inserted targeting the tumor and a virtual 5-mm ablative margin overlaid on the US image. Following ablation, contrast-enhanced US (CEUS) was performed to assess the ablative margin, and the minimal ablative margins were categorized into three groups: (I) margin <0 mm (protrusion), (II) margin 0 to <5 mm, and (III) margin ≥5 mm. Margin assessment was based on the positional relationship between the overlaid tumor plus margin and the perfusion defect of the ablation 
Introduction
The introduction of multimodality fusion imaging technology has improved the effectiveness of radiofrequency ablation (RFA) for hepatocellular carcinoma (HCC). Computed tomography/magnetic resonance-ultrasonography (CT/MR-US) fusion imaging, which enables the synchronous display of real-time US images and cross-sectional multiplanar reconstruction CT or MR images, is reportedly useful for RFA treatment guidance [1] [2] [3] [4] [5] [6] [7] . Moreover, although pre-and post-RFA CT or MR images have been conventionally compared side-byside to evaluate therapeutic responses, pre-and post-RFA CT-CT/MR-MR fusion images have made it possible to more accurately measure minimal ablative margins [8] [9] [10] [11] [12] [13] [14] .
The CT/MR-US extracted-overlay fusion imaging technique was developed recently [15] . In this novel technique, a target tumor with a virtual ablative margin is extracted from CT/MR volume data and synchronously overlaid on US images ( fig. 1 ). By virtue of the clear visualization of the tumor and ablative margin, this technique provides effective RFA treatment guidance. This technique has potential for evaluation of RFA treatment by combination with contrast-enhanced US (CEUS) [16] [17] [18] . In the present study, we analyzed the feasibility of extracted-overlay fusion imaging for intraoperative and quantitative RFA treatment evaluation, and compared the results with those of CT-CT/MR-MR fusion imaging.
Patients and Methods

Patients and Tumors
Our institutional review board approved this retrospective study, and informed consent was waived. The two inclusion criteria were as follows: (1) HCCs that underwent radical RFA using a Cool-tip RF Ablation System (Covidien, Boulder, CO, USA) and extracted-overlay fusion imaging from March 2013 to January 2014, and (2) HCCs for which CT-CT/MR-MR fusion imaging was available for RFA treatment evaluation using CT or MR images taken ≤2 months before RFA and within 1 month after RFA. Of 101 consecutive patients with 139 HCC nodules who underwent RFA during that period, 68 patients with 85 HCCs that met the inclusion criteria were analyzed. The patients' clinical characteristics are presented in table 1. The diagnosis of HCC was established based on typical contrast-enhanced CT or MR imaging features [19] . When typical imaging findings were not observed, a tumor biopsy was performed to confirm the diagnosis of HCC.
CT/MR-US Fusion Imaging and Extracted-Overlay Fusion Imaging
Volume Navigation (GE Healthcare, Milwaukee, WI, USA) installed in a LOGIQ E9 imaging system (GE Healthcare) was used for CT/MR-US fusion imaging. The imaging modality that most clearly depicted the target tumor was used to produce the reference images. For extracted-overlay fusion imaging, a tumor was segmented from CT or MR imaging volume data and a 5-mm virtual ablative margin was added to the segmented tumor on an image processing workstation (Advantage Workstation VolumeShare 4; GE Healthcare). These procedures have been described in detail in the literature [3, 5, 15] . 
RFA Procedures and Intraoperative Treatment Evaluation by CEUS Using Extracted-Overlay Fusion Imaging
A flow chart of the treatment and evaluation procedures is presented in fig. 2 . One of three hepatologists with more than 10 years' experience performed the RFA procedure using a single 2-or 3-cm Cool-tip electrode. Using extracted-overlay fusion imaging, an electrode was inserted, the overlaid image of the tumor with a 5-mm margin was targeted, and ablation was conducted. Overlapping ablation was added as necessary. Following ablation, the therapeutic effect was assessed by CEUS using 0.0075 ml/kg of perfluorobutane microbubble (Sonazoid; Daiichi-Sankyo, Tokyo, Japan). The perfusion defect of the ablation zone was scanned in the vascular phase (0-120 s after administration of Sonazoid), with the image of the tumor plus a 5-mm margin overlaid on the CEUS image. Any additional tumors were subsequently evaluated. The RFA operator classified the minimal ablative margins into three groups based on the positional relationship between the overlaid tumor plus margin and the perfusion defect: (I) margin <0 mm (tumor extends outside the ablation zone), (II) margin 0 to <5 mm, and (III) margin ≥5 mm ( fig. 3 ). The CEUS criterion for complete ablation was classification as group II or III. Tumors in group I underwent immediate repeat ablation until they were classified into group II or III.
RFA Treatment Evaluation by Side-by-Side CT or MR Imaging and Subsequent Follow-Up
The effectiveness of RFA treatment was evaluated by dynamic CT or gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid-enhanced MR (Gd-EOB-DTPA-MR) imaging within 30 days after RFA. A radiologist with more than 10 years' experience in abdominal radiology compared the pre-and post-RFA images side by side. The two criteria for complete ablation were no signs of early enhancement and circumferential extension of the ablation zone beyond the estimated tumor boundary. The tumor underwent repeat ablation until both criteria were satisfied. After complete ablation, a follow-up contrastenhanced CT/MR image was obtained every 3 to 4 months. Local tumor progression was defined as the appearance of early enhancement and washout adjacent to the ablation zone.
Retrospective Treatment Evaluation by CT-CT/MR-MR Fusion Imaging
One radiologist with more than 10 years' experience in abdominal radiology and who was blinded to the intraoperative CEUS data created CT-CT or MR-MR fusion images for this study. Minimal ablative margins were measured three-dimensionally and classified into three groups in the same manner as that done for intraoperative CEUS (fig. 4) . The detailed procedures of fusion image creation have been described in previous reports [8, 13] . Image Acquisition Dynamic CT and CT angiography were performed using a 64-channel multidetector row helical CT system (Discovery CT 750HD; GE Healthcare) with slice thicknesses of 1.25 and 0.625 mm, respectively. MR images were acquired with a 1.5-T MR system (Signa Excite HD 1.5T; GE Healthcare). The slice thicknesses of the dynamic-and hepatobiliary-phase Gd-EOB-DTPA-MR images were 3 or 5 mm. The protocols for image acquisition have been described in the literature [13, 15] .
Statistical Analysis
We evaluated the rate of concordance of the judgments of complete/incomplete ablation between intraoperative CEUS and side-by-side CT/MR evaluation after RFA. The overall agreement of the classification of the minimal ablative margin (i.e., into groups I, II, or III) between intraoperative CEUS and CT-CT/MR-MR fusion imaging was expressed by Cohen's quadratic-weighted kappa coefficient (poor agreement, k=0-0.20; slight agreement, k=0.21-0.40; moderate agreement, k=0.41-0.60; good agreement, k=0.61-0.80; excellent agreement, k=0.81-1.00). The cumulative local tumor progression rate for each ablative margin group was estimated by the Kaplan-Meier method, and statistical significance was analyzed by the log-rank test. SPSS version 18.0 software (SPSS, Chicago, IL, USA) was used for all statistical analyses, and a p value of less than 0.05 was considered to be statistically significant.
Results
All patients were treated without severe complications. Moving images of the treatment procedures and intraoperative CEUS are presented in Electronic Supplementary Material 1 (for all online suppl.material, see www.karger.com/doi/10.1159/000443561). The preparation of extracted-overlay fusion imaging, including image processing on a workstation and image alignment on an US unit, took less than 25 min in all cases. Treatment evaluation using intraoperative CEUS took less than 10 min for all tumors.
Treatment Evaluation of the First RFA Session
In 6 of the 85 HCCs (7.1%) the therapeutic response was impossible to evaluate because of CEUS signal attenuation problems with tumors located distant from the body surface. In the remaining 79 HCCs, the intraoperative CEUS evaluations were compared with both the side-by-side CT/MR evaluations and the retrospectively created CT-CT/MR-MR fusion imaging evaluations.
During intraoperative CEUS of the first RFA treatment session, the number of tumors evaluated as belonging to groups I, II, and III were 2 (2.5%), 71 (89.9%), and 6 (7.6%), respectively. Complete ablation (groups II and III) was achieved in 77 HCCs (97.5%) according to the CEUS criteria. It was impossible to perform additional ablation during the first treatment session for two HCCs in group I because of the patients' physical exhaustion. The median tumor diameters in groups I, II, and III were 16.1 (15.0-17.2) mm, 12.0 (4.4-37.0) mm, and 10.2 (8.7-13.4) mm, respectively.
During the side-by-side CT/MR evaluation after the first treatment session, 75 of 79 HCCs (94.9%) were judged to be completely ablated, and treatment was thus ended for these 75 patients. Four HCCs (5.1%) were considered to be incompletely ablated. The judgment regarding complete or incomplete ablation was in agreement between CEUS and side-by-side CT/MR evaluation in 77 of 79 HCCs (97.5%) (table 2) .
Next, we retrospectively created CT-CT/MR-MR fusion imaging using images recorded before and after the first treatment session and categorized tumor ablation margins into three groups in the same manner as was done for CEUS. This new categorization was compared with that obtained by intraoperative CEUS after the first treatment session in 79 HCCs. The median registration error of CT-CT/MR-MR fusion imaging was 1.3 mm (range, 0.44-2.9 mm), and the median minimal ablative margin was 1.6 mm (range, −28.3 to 10.4 mm).
The numbers and median diameters of HCCs in groups I, II, and III were 8 (10.1%) and 14.7 (6.7-19.7) mm, 66 (83.5%) and 11.8 (4.4-37.0) mm, and 5 (6.3%) and 10.1 (8.7-23.6) mm, respectively. The categorization of minimal ablative margins after the first treatment session assessed using intraoperative CEUS corresponded with that of CT-CT/MR-MR fusion imaging in 72 HCCs (91.1%), and the overall agreement was good (k=0.66; 95% confidence interval, 0.42-0.90; p<0.01) (table 3).
Treatment Evaluation after the Final RFA Session and Cumulative Local Tumor Progression Rate
After the first RFA treatment session, repeat ablation was conducted in four HCCs judged to be incompletely ablated by intraoperative CEUS and/or by side-by-side CT/MR evaluation (table 2), resulting in complete ablation based on both CEUS and side-by-side CT/MR criteria. After the final RFA treatment session, the numbers of tumors in groups I, II, and III were 0 (0.0%), 73 (92.4%), and 6 (7.6%), respectively, based on intraoperative CEUS evaluation. The 1-year cumulative local tumor progression rates in groups II and III were 8.9% and 0.0%, respectively ( fig. 5 ).
Discussion
The effectiveness of RFA treatment has conventionally been assessed by side-by-side comparison of pre-and post-RFA CT images [8] [9] [10] [11] [12] [13] [14] 20] . However, because this side-by-side interpretation tends to be inaccurate, several new methods have been developed for more accurate treatment evaluation, such as nonenhanced MR imaging [21] , superparamagnetic iron oxide-MR imaging [22, 23] , Gd-EOB-DTPA-MR imaging [24] , and iodized oil retention [25] . CT-CT/MR-MR fusion imaging was recently developed and is considered to be a useful imaging modality for RFA evaluation in terms of its accuracy, quantitative nature, noninvasiveness, and applicability to hypovascular lesions [8] [9] [10] [11] [12] [13] [14] . In the present study, we analyzed the clinical Group I: margin <0 mm (tumor extends outside the ablation zone); group II: margin 0 to <5 mm; group III: margin ≥5 mm.
feasibility of extracted-overlay fusion imaging combined with CEUS, a novel CT/MR-US fusion imaging technique [15] , for intraoperative RFA treatment evaluation.
By comparing intraoperative CEUS extracted-overlay fusion imaging evaluations with conventional side-by-side CT/MR evaluations, we investigated the concordance rate of the judgment of complete ablation. A high rate of concordance was observed between intraoperative CEUS and side-by-side CT/MR evaluations after RFA (table 2). Only 2 of 79 HCCs (2.5%) judged to be completely ablated on CEUS were categorized as incompletely ablated according to the side-by-side CT/MR evaluation criteria and therefore required additional treatment sessions. These results suggest that intraoperative CEUS using extracted-overlay fusion imaging is reliable when used to determine the necessity of additional ablation.
We next analyzed the accuracy of the quantitative evaluation of the minimal ablative margin by comparison of intraoperative CEUS extracted-overlay fusion imaging with CT-CT/ MR-MR fusion imaging. The minimal ablative margins were categorized into three groups that are reportedly related to local tumor progression [8, 13, 20, 25] . Good agreement was observed between the evaluations based on intraoperative CEUS and CT-CT/MR-MR fusion imaging (table 3) . The cumulative local tumor progression rate was stratified according to the intraoperative CEUS categorization ( fig. 5 ). Although the data regarding the cumulative local tumor progression rate are still preliminary, these results suggest the accuracy of quantitative treatment evaluation using intraoperative CEUS with extracted-overlay fusion imaging.
The primary advantage of extracted-overlay fusion imaging combined with CEUS is that the tumor with a virtual safety margin is visible during and after RFA, and the therapeutic effect can subsequently be evaluated using CEUS immediately after ablation, without the need to perform contrast-enhanced CT. When incomplete ablation is suspected on intraoperative CEUS, additional ablation can be immediately performed. This greatly reduces the patients' physical and mental burden, the length of the hospital stay, and the medical expenses associated with RFA treatment (e.g., cost of the RFA electrodes and CT or MR imaging acquisition for treatment evaluation).
The second advantage of extracted-overlay fusion imaging combined with CEUS is that it enables quantitative measurement of the minimal ablative margin. This imaging technique enables the judgment of whether a ≥5-mm margin can be achieved in addition to the determination of complete ablation of the tumor itself. Thus, the performance of repeat ablation until the tumor and 5-mm virtual margin are completely encompassed by the perfusion defect on CEUS may be an effective strategy to achieve a ≥5-mm margin and thereby prevent local tumor progression from the microsatellite lesions around the tumor [26] . In this study, our aim was the complete ablation of the target tumor itself, not the provision of a ≥5-mm margin. Consequently, some tumors showed local tumor progression post-ablation. However, local tumor progression was not observed at all in group III. Therefore, if the therapeutic goal is set as the achievement of a ≥5-mm margin in all cases, the local tumor progression rate will likely be further improved. The third advantage is the noninvasiveness of CEUS. This technique does not cause radiation exposure and can be applied to patients with poor renal function or who are allergic to iodine.
A disadvantage of extracted-overlay fusion imaging is that it is influenced by the tumor location. In the present study, treatment evaluation was impossible using CEUS in 6 HCCs (7.1%) located far below the body surface because of signal attenuation. Moreover, 5 of 8 HCCs (62.5%) regarded as incompletely ablated on CT-CT/MR-MR fusion imaging after the first treatment session were located just beneath the diaphragm. Registration of US and CT/ MR reference images might be somewhat inaccurate in this region because of the lack of appropriate landmarks such as branching vessels. Therefore, careful assessment should be performed for HCCs located deep below the body surface or just beneath the diaphragm.
The limitations of this study are its retrospective nature and the inclusion of only a small number of patients. Prospective studies are needed to assess whether this novel evaluation method will eliminate the necessity for contrast-enhanced CT after RFA.
In conclusion, extracted-overlay fusion imaging combined with CEUS is clinically feasible for intraoperative and quantitative evaluation of the effectiveness of RFA treatment and could improve the efficacy of RFA.
